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The distribution of rainfall has major impacts in agriculture, affecting the soil, hydrology,
and plant health in agricultural systems. The goal of this study was to test for recent
changes in rainfall intensity and seasonal rainfall variability in the Southeastern U.S. by
exploring the data collaboratively with agricultural stakeholders. Daily rainfall records
from the Global Historical Climatology Network were used to analyze changes in rain
intensity and seasonal rainfall variability. During the last 30 years (1985–2014), there
has been a signiﬁcant change (53% increase) in the number of extreme rainfall days
(>152.4 mm/day) and there have been signiﬁcant decreases in the number of moderate
intensity (12.7–25.4 mm/day) and heavy (25.4–76.2 mm/day) rainfall days in the
Southeastern U.S., when compared to the previous 30-year period (1955–1984). There have
also been signiﬁcant decreases in the return period of months in which greater than half of
the monthly total rain occurred in a single day; this is an original, stakeholder-developed
rainfall intensity metric. The variability in spring and summer rainfall increased during the
last 30 years, but winter and fall showed less variability in seasonal totals in the last
30 years. In agricultural systems, rainfall is one of the leading factors affecting yield vari-
ability; so it can be expected that more variable rainfall and more intense rain events could
bring new challenges to agricultural production. However, these changes can also present
opportunities for producers who are taking measures to adjust management strategies to
make their systems more resilient to increased rain intensity and variability.
 2015 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
High-intensity rainfall: agricultural impacts and state of knowledge
The intensity of rainfall has important impacts on the hydrology of a system, and these impacts can be very different at
small and large spatial scales. The effects of rainfall intensity and variability are wide-ranging among different sectors and
stakeholders. In agriculture, rainfall intensity affects the partitioning of rainfall into inﬁltration and runoff, impacting the
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Sharpley, 1985; Langhans et al., 2010). Movement of nutrients and crop protection chemicals are also impacted by the timing
and intensity of rainfall. Our changing climate has already presented a variety of challenges to agriculture (Walthall et al.,
2012; Lobell et al., 2011). In particular, increased rainfall intensities may lead to increased soil loss, and many of the man-
agement alternatives for increased climate resilience in agriculture are those that reduce soil loss and improve soil health
(Lal et al., 2012; Delgado et al., 2011; Howden et al., 2007).
There is a growing body of evidence showing rainfall in some parts of the world has become characterized by increasingly
common high-intensity rain events (Groisman et al., 2012; Higgins and Kousky, 2013; Trenberth et al., 2003; Trenberth,
2011; Dourte et al., 2012; Keggenhoff et al., 2014). Projections of future climate change also suggest increasingly intense
rainfall in some locations (Sillmann et al., 2013; Mirhosseini et al., 2013), including the Southeastern U.S., but general circu-
lation models (GCMs) have been shown to underestimate high intensity rainfall in the Southeast (De Angelis et al., 2013). A
study of rainfall intensity from 1958 to 2012 for the U.S. (Walsh et al., 2014, updated from Karl et al., 2009) found that for all
regions of the contiguous U.S. there was an increase in the amount of precipitation falling in very heavy rain events (deﬁned
as the heaviest 1% of all daily rainfall amounts) from 1958 to 2012. The increase in the Southeast was 27% during the 1958–
2012 period; this is based on the endpoints of a trendline ﬁtted to the 55 years of annual depth of rainfall in the top 1% of
daily amounts. Higgins and Kousky (2013) examined the percent changes in observed daily precipitation over the United
States between two 30-year periods (1950–1979 and 1980–2009). They observed increased numbers of ‘heavy’ rainfall
(P25 mm) days, but this was the highest intensity rainfall of their three ﬁxed-threshold categories of daily rainfall.
Seasonal analysis of return periods during 1980–2009 was completed for 10-year, 5-year, and 3-year rain events during
1950–1979. In much the Southeastern, U.S., they found decreased return periods for the 1980–2009 period across the three
1950–1979 return periods for JFM, JAS, and OND seasons. AMJ season showed somewhat longer return periods for the more
recent 30-year period. However, the absence of ﬁxed-thresholds in the study can make it difﬁcult for some stakeholders to
connect the measures of rainfall intensity to the possible impacts. A recent study of rainfall intensity changes in the Central
U.S. also compared adjacent time periods 1948–1978 and 1979–2009 (Groisman et al., 2012) and found that the biggest
increases between the two 31-year periods were in the most extreme of their four ﬁxed-threshold rain intensity categories
(>154.9 mm). Several other demonstrations of increased rain intensity in the U.S., using a variety of rainfall intensity metrics
and time periods (Kunkel et al., 2013), suggest that for the Eastern U.S. there is a robust trend of increasing occurrence of
extreme rainfall. However, none of these studies explored the seasonality of changes in extreme rainfall, and there are no
stakeholder-driven rain intensity thresholds, which can be important in order for climate science to be connected to
management changes for reducing risk.
High-intensity rainfall: meteorological causes and attribution of change
High-intensity rain events require sufﬁcient atmospheric water and strong upward circulation which can be caused by a
variety of different meteorological causes. In the Southeastern U.S., deﬁned in a study by Kunkel et al. (2012) to include
Alabama, Florida, Georgia, North Carolina, South Carolina, and Virginia (Kunkel et al., 2012), this combination of moisture
convergence and upward motion is most commonly brought about by tropical cyclones (TC), extratropical cyclone near a
front (FRT), extratropical cyclone near center of low (ETC), and mesoscale convective system (MCS). These four causes of
extreme rainfall were attributed to 51% (TC), 34% (FRT), 7% (ETC), and 6% (MCS) of the 1-in-5 year rain events across the
region from 1908 to 2009 (Kunkel et al., 2012). The meteorological causes of intense rainfall vary by location and by time
of year; for example, in the Southeastern U.S. many more of the extreme rain events in the fall are caused by tropical
cyclones than during other times of the year. The seasonal differences in meteorological causes can give some clues as to
what might be driving a shift in frequency of intense rain events.
There can be two distinct parts of an analysis of climate changes: detection and attribution. It is beyond the scope of this
study to answer the question of attribution of the changes in rainfall characteristics, but we summarize two commonly cited
contributors to rainfall changes: irrigation expansion and temperature increases. Irrigation has been shown to affect rainfall
and runoff in parts of the U.S. Southwest (Lo and Famiglietti, 2013), through the mechanism of increased evapotranspiration
and water vapor export in California’s Central Valley. Similarly, parts of the Southeastern U.S. were estimated to have
increased summer precipitation, during the period from 1980 to 2000, compared to a counterfactual atmospheric general
circulation model run without irrigation (Puma and Cook, 2010). Some downwind regions of the Ogallala aquifer-irrigated
parts of the Great Plains in the U.S. have been found to have increased rainfall that could be attributed to irrigation expansion
(DeAngelis et al., 2010). Impacts of atmospheric temperature on increasing rain intensity have been suggested by several
studies (Min et al., 2011; Trenberth, 2011; Li et al., 2011; Wang et al., 2010). Increased temperature can lead to increased
atmospheric water (Trenberth et al., 2003), and the moisture convergence that occurs during storm development can result
in higher-intensity rainfall than might be observed in a cooler atmosphere with correspondingly lower atmospheric water.
Stakeholder engagement and objectives
In the Southeastern U.S., the importance of water stress has emerged repeatedly in discussions among agricultural stake-
holders, including those who participate in the Row Crop Climate Learning Network (Bartels et al., 2012). This regional group
of producers, Extension professionals, and scientists from Florida, Georgia and Alabama was initiated by researchers in the
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2012). Twice-annual workshops have sparked questions about appropriate adaptive water management practices, and pro-
ducer-led ﬁeldtrips have demonstrated possible strategies for coping with drought or extreme rainfall. Several producers
consider themselves to be ‘‘weather watchers’’ and collect their own weather data. These learning network participants have
reported that in recent years they have experienced more intense, less frequent rainfalls during the summer months. As a
result, discussion emerged about what constitutes an extreme precipitation event in the region and what stakeholders might
expect in the future.
In this paper we present the results of a study of rainfall intensity and variability in the Southeastern U.S.; we tested for
changes in rainfall using daily rainfall data from stations in Alabama, Florida, Georgia, North Carolina, and South Carolina.
Our study adds several unique elements to the recent literature on observed changes in rainfall intensity and variability:
(1) the seasonality of changes in ﬁxed-threshold rainfall intensity is examined, (2) seasonal rainfall variability is examined
using the same records and time periods used for analysis of rainfall intensity – this was expected to help clarify if rainfall
intensity changes were connected to changes in seasonal rainfall variability, and (3) a stakeholder-developed rainfall
intensity metric was analyzed here to provide a measure of rain intensity of particular interest to agricultural producers
– this quantity was the return period of having at least half of the monthly rainfall occurring in a single day. Including
stakeholders as participants in the research design and Extension of research can improve the emphasis on management
solutions for climate risk management (Meinke et al., 2006; Howden et al., 2007, 2014). This helps overcome a common
challenge in Extension of climate science, the sometimes weak connection between climate change science and manage-
ment alternatives to reduce climate risks (Morris et al., 2014; Wojcik et al., 2014; Hill et al., 2014). The objective of this
study was to determine if there have been changes in recent decades in the intensity and seasonal variability of rainfall in
the Southeastern U.S. Additionally, it was our goal to demonstrate how engagement with agricultural stakeholders could
improve the management-relevance of climate research and could contribute to the introduction of a novel measure of
rainfall intensity.
Methods
Fixed-thresholds approach for evaluating rainfall intensity changes
Two common approaches used in examinations of historical changes in rainfall intensity are the ﬁxed-threshold and per-
centile-deﬁned threshold approaches (Groisman et al., 2012). In the ﬁxed-threshold approach, the numbers of rain events
exceeding a speciﬁed intensity value, or within a speciﬁed intensity range, are counted over a speciﬁed time period. The
ﬁxed-thresholds can be deﬁned based on impacts, stakeholder input, or any other criteria. Percentile-deﬁned thresholds
are developed separately for each location (station or grid cell or climate division) based on probabilities of rain intensities
in the historical record.
The advantage of the percentile-deﬁned approach is that it accounts for the spatial differences in the characteristics of
rainfall, but this can also be problematic as it can result in very different rainfall intensities between locations for a single
chosen percentile threshold of rainfall intensity. This limits the information available for considering impacts of extreme
rainfall because the 99th-percentile threshold for some location might be only a moderately intense rain event in terms
of impacts, even though it is rare for that location; therefore, examining changes in that type of event might have less impor-
tance for understanding potential impacts than that of a 99th-percentile rain intensity in a location that results in an inten-
sity threshold of large expected impact (Groisman et al., 2012). We elected to use the ﬁxed-thresholds approach in this study
because (1) it allows for simpler consideration of potential impacts across a region, and (2) the thresholds can be deﬁned
based on stakeholder input.
The numbers of rainfall days within each category for the most recent 30-year period (1985–2014) were compared to
those for the previous period (1955–1984) to test for changes in rainfall intensity in the four ﬁxed-threshold categories.
The time of year in which changes in rain intensity were observed was examined by counting the number of rainfall days
in each rain intensity category for each of four seasons: December–January–February (DJF), March–April–May (MAM),
June–July–August (JJA), and September–October–November (SON). Testing for statistically signiﬁcant differences in num-
bers of ﬁxed-threshold rain intensity was completed using the non-parametric Wilcoxon–Mann–Whitney test, comparing
the counts for each of the four rainfall categories between the two 30-year periods of 1955–1984 and 1985–2014. The
approach of comparing the statistical properties of adjacent, multi-decadal periods has been used in several recent studies
of rainfall intensity and variability, and it has the advantage of reducing the sensitivity to small shifts in the time series
end points that can impact trend-line ﬁtting (Higgins and Kousky, 2013; Groisman et al., 2012; Li et al., 2011; Wang et al.,
2010).
While the primary aim of this work is to test for changes in rainfall intensity, we have included a discussion here about
two possible causes of changes in rainfall intensity: temperature increases and irrigated area expansion. State-average tem-
perature data were retrieved from the U.S. Climate Divisional Database (Guttman and Quayle, 1996) for 1955–2014. The irri-
gated cropland areas were retrieved from the twelve USDA Farm and Ranch Irrigation Surveys from 1954 to 2007 (USDA,
2015).
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Categories of thresholds for daily rainfall intensity were developed by combining stakeholder input and studies from
recent literature (Groisman et al., 2012). The authors collaborated with agricultural stakeholders in the Row Crop Climate
Learning Network (Bartels et al., 2013) in one of the group’s twice-annual meetings. An interactive exercise was designed
to explore perceptions about rainfall intensity. Three participant groups (producers, Extension professionals, and research-
ers) were asked to determine quantitative thresholds that would match each of ﬁve rainfall categories (good, moderate,
heavy, very heavy, and extreme). A portion of this discussion also focused on management solutions that can be used by pro-
ducers to reduce risks from high-intensity rainfall. Following small-group discussions, participants compared results and
considered implications for research and management (Bartels et al., 2013). The stakeholder-deﬁned thresholds (Table 1)
matched very closely to the four threshold-based categories used in recent research (Groisman et al., 2012). For the purpose
of allowing for comparisons with other recent studies of rainfall intensity in other regions, the ﬁxed-thresholds used to
examine changes in rainfall intensities were: (1) moderately heavy precipitation (within a 12.7–25.4 mm/day range), (2)
heavy precipitation (within 25.4–76.2 mm/day range), (3) very heavy precipitation (>76.2 mm/day), and (4) extreme pre-
cipitation (>152.4 mm/day).
In addition to the four threshold-based categories of rainfall intensity used here, a unique measure of rainfall intensity
was developed from input of agricultural producers. Some producers in the Southeastern U.S. inquired about how common
it was for at least half of the monthly total rainfall to occur in a single day, and they were also interested in knowing if this
quantity had been changing. Daily rainfall data were used at each combination of station/year/month to count the numbers
days having at least half of the monthly total rainfall. Comparisons were made between the periods 1955–1984 and 1985–
2014; Wilcoxon–Mann–Whitney tests were used to check for signiﬁcant differences in occurrence of months in which a sin-
gle-day rainfall provided greater than or equal to half of the monthly rainfall.Seasonal variability in rainfall and description of data sources
Changes in seasonal variability in rainfall amounts were examined using daily data summed to produce seasonal totals.
The frequency of exceeding the standard deviation in seasonal total rainfall was used to detect changes in variability in the
last 30 years (1985–2014 compared to 1955–1984). Daily rainfall data from the Global Historical Climatology Network-Daily
(GHCN-D; Menne et al., 2013) were used in this study. Stations were selected in ﬁve Southeastern U.S. states (AL, FL, GA, NC,
SC) if they had observations beginning in 1955 or earlier and continuing through the end of 2014. Stations were excluded if
there was a missing year of data during the 60-year period from 1955 to 2014. This excluded 156 stations, leaving a total of
259 stations for daily rainfall in the Southeastern U.S. State-average annual and seasonal temperature data were retrieved
from the U.S. Climate Divisional Database (Guttman and Quayle, 1996) for 1954–2014. The irrigated cropland areas were
retrieved from the thirteen USDA Farm and Ranch Irrigation Surveys from 1954 to 2013 (USDA, 2015). The El Niño
Southern Oscillation (ENSO) phenomenon is a major driver of seasonal variability in rainfall in the Southeastern U.S.; we
used the 3-month Oceanic Niño Index (ONI) from the Climate Prediction Center to classify the seasonal ENSO phases to
examine for differences in ENSO episodes between 1985–2014 and 1955–1984.Results
Daily threshold-based rain intensity changes
A threshold-based approach was used to examine changes in rainfall intensities in four categories of daily rainfall inten-
sity (1) moderately heavy precipitation (12.7–25.4 mm/day range), (2) heavy precipitation (25.4–76.2 mm/day range), (3)
very heavy precipitation (>76.2 mm/day), and (4) extreme precipitation (>152.4 mm/day). As expected, there is considerable
spatial variability in differences in rain intensity across the region; Fig. 1 illustrates the station-speciﬁc changes in extreme
daily rainfall between 1985–2014 and 1955–1984. The average increase in numbers of extreme rainfall days among the top
25% of stations that observed increases in extreme rain was 3.4 more extreme rainfall days, and the average change in
numbers of extreme rainfall days among the bottom 25% of stations that observed decreases in extreme rain was 1.2.
The per-station average increase in numbers of extreme rainfall days among all stations was 0.8 more extreme rainfall days
in 1985–2014 compared to 1955–1984.
The regionally-averaged changes in rainfall also show a tendency toward increasing extreme rainfall. There have been
about 53% more extreme rainfall days during 1985–2014 compared to 1955–1984 (Fig. 2); this increase in extreme rainfall
between the two 30-year periods was statistically signiﬁcant. There were 423 extreme rainfall days observed for the period
from 1955 to 1984, but there were 649 of these days observed across the region from 1985 to 2014, a considerable increase
in these potentially high-impact rain intensities. There were some decreases in the numbers of moderate and heavy rainfall
days (Fig. 2), but these are generally the preferred or ‘‘good’’ categories of rainfall intensity for agriculture (Table 1).
The greatest increases in extreme rainfall were observed in fall (SON – September–October–November) and summer (JJA
– June–July–August), 151% and 48% increases, respectively (Fig. 3). There were also signiﬁcant increases (35%) in very heavy
rain (>76.2 mm/day) in the SON season. MAM season was observed to have signiﬁcant decreases in numbers ﬁxed-threshold
Table 1
Daily rainfall amounts for ﬁve descriptive categories of rain events based on responses from groups of Producers, Researchers, and Extension. Right column
indicates the thresholds used in this study.
Daily rain description Daily rain amounts (mm) This study
Producers Researcher Extension
Good 12.7 (early), 38.1 (reproductive) 12.7–25.4 12.7–25.4
Moderately heavy 50.8 25.4–50.8 38.1 12.7–25.4
Heavy 76.2 50.8–76.2 76.2 25.4–76.2
Very heavy 101.6 76.2–101.3 127 P76.2
Extreme >152.4 >101.6 >152.4 P152.4
Fig. 1. Station-speciﬁc changes between 1985–2014 and 1955–1984 in occurrence of extreme daily rain (>152.4 mm/day) for the 259 stations across that
Southeastern U.S. Light-color dots correspond to decreases and dark-color dots correspond to increases in extreme rain events. The maximum change, mean
of all differences, and minimum change are 7, 0.8, and4. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)
Fig. 2. Southeastern U.S. average percent change in numbers of rain events in the four ﬁxed-threshold rainfall categories: percent change shows difference
in numbers of ﬁxed-threshold rains in the most recent 30-year period (1985–2014) compared to the previous 30-year period (1955–1984). Solid ﬁll in the
ﬁgure shows statistically signiﬁcant differences between the two time periods.
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Fig. 3. Southeastern U.S. seasonally-averaged percent change in numbers of ﬁxed-threshold rain in the four ﬁxed-threshold rainfall categories for four
different seasons (winter, DJF; spring, MAM; summer, JJA; fall SON). Percent change shows difference between the periods of 1985–2014 and 1955–1984.
Solid ﬁll in the ﬁgure shows statistically signiﬁcant differences between the two time periods.
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1985–2014 compared to 1955–1984. This is supported by a 15% reduction in region-wide MAM rainfall for the 1985–2014
period compared to 1955–1984 (283 mm and 334 mm, respectively).Stakeholder-deﬁned, monthly rain intensity metric
The agricultural producer-deﬁned rainfall intensity measure, the instance of having at least half of the total monthly rain-
fall in a single day (here abbreviated, HMD), is summarized in Fig. 4. The regional average increase in HMD across all months
was 17% for 1985–2014 compared to 1955–1984. All monthly HMD increases, with the exceptions of June, August,
September, and December, were statistically signiﬁcant. The average return period for occurrence of HMD, averaged across
all months, is about once every 4.4 years for the period 1985–2014 (Fig. 4); this was a 13% shorter return period than that of
monthly-average HMD during the previous 30 years, 1955–1984. October had the shortest return period of HMD, 2.5 and
2.3 years for the 1955–1984 and 1985–2014 periods, respectively; July had the longest return period of HMD, 10.3 and
7.9 years for the 1955–1984 and 1985–2014 periods, respectively. Discussions with participants in the Row Crop Climate
Learning Network also revealed that perceptions of ‘‘extreme’’ rain events are shaped by factors beyond just rainfall inten-
sity. For instance, producers take into account the type of soil and crop, planting growth stage, as well as recent rainfall con-
text. This emphasizes the importance of local context and interpretation when developing rain intensity thresholds.Seasonal rainfall variability
Seasonal rainfall totals show increased variability in spring (March–April–May) and summer (June–July–August) and
decreased variability in fall (September–October–November) and winter (December–January–February) during the last
30 years (Fig. 5). The increased variability in summer is consistent with what was shown by Li et al. (2011) and Wang
et al. (2010), though their delineation of Southeastern U.S. was different than the ﬁve state region used here. The increasing
frequency of extreme daily rainfall does not seem to be impacting seasonal rainfall variability, which is not surprising given
the rarity of these rain intensities. Extreme rainfall represented 0.058% and 0.094% of all rainfall days (having greater than or
equal to 1 mm/day) for the periods of 1955–1984 and 1985–2014, respectively. HMD occurrence represented 2.8% and 3.4%
of the total number of rain days for the 1955–1984 and 1985–2014 periods, respectively. So while these rain intensities are
extremely important in terms of economic and ecological impacts, they do not often explain much of the variability in sea-
sonal rainfall totals. There was very little difference in ENSO phases between the two 30-year periods (Fig. 5), so it seems
unlikely that the differences in seasonal rainfall variability between the two periods were driven by ENSO.Discussion
This study was initiated through stakeholder engagement, and the results have been shared with agricultural stakeholders
in the Southeastern U.S. Continuing to learn from and with stakeholders will ensure that meaningful questions are being
investigated as we look for solutions for making agriculture and other sectors more resilient to climate risks. The intensity
and variability of rainfall is critical for agricultural producers; more variableMAM and JJA rainfall can lead to cropwater stress
from excessively wet or dry conditions during periods of establishment or during reproductive stages, and high-intensity
Fig. 4. Southeastern U.S. station-average return periods and percent change in return periods (between the 1955–1984 and 1985–2014 periods) of having
at least half of monthly rain total in single day. Signiﬁcant differences, designated by solid ﬁll in the ﬁgures, were found in numbers of months in which at
least half of monthly total rain occurred in a single day (HMD) for all months except June, August, September, and December.
Fig. 5. Seasonal rainfall anomalies in DJF, MAM, JJA, SON for the Southeastern U.S. Figures show the number of years in which total seasonal rainfall
exceeded 1 standard deviation from the average for the 30-year periods of 1955–1984 and 1985–2014. Spring and summer seasons show increased
variability in the last 30 years compared to the previous 30 years, while winter and fall show decreased rainfall variability in the last 30 years compared to
the previous 30 years. ENSO phases are similar between the two 30-year periods.
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interruptions in harvest operations or increased soil loss during post-harvest times when there is reduced vegetative cover.
Anecdotal reports of heavier rainfall have been heard from producers in the Southeastern U.S. for several years (Bartels
et al., 2013), and our study of rainfall intensity during the last 60 years in the Southeastern U.S. showed a signiﬁcant increase
in the numbers of extreme daily rainfall and showed small increases in numbers of very heavy daily rains. While extreme
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events in agricultural areas can often be of major economic importance due to the soil and nutrient losses that can accom-
pany extreme rainfall. These ﬁndings seem to be consistent with the personal experiences of some producers in the region.
Continuous and direct engagement with producers and Extension professionals is important for developing climate risk
management research that is relevant to stakeholder interests and management solutions.
A novel measure of rainfall intensity, HMD, the occurrence of having greater than or equal to half of the total monthly
rainfall in a single day, places rainfall intensity in the context of monthly total rainfall. This quantity was recommended
by agricultural producers and is introduced here as a rainfall intensity metric that may be of particular interest to agricul-
tural stakeholders. The HMDmeasure, demonstrated in this study, allows stakeholders to see how HMD return period varies
between months. This is important because a monthly metric can be useful for interpreting rainfall intensity changes during
particular times of year that are important for crop development or agricultural operations management.
We found that the increases in frequency of extreme daily rainfall were occurring mostly in fall and summer seasons.
Tropical cyclones are the meteorological causes of 58% and 71% of the 1-in-5-year rain events in the Southeastern U.S. in
summer and fall seasons, respectively (Kunkel et al., 2012). There is no strong observational evidence for trends in the inten-
sity or frequency of tropical cyclones; the substantial ﬂuctuations in frequency and intensity of tropical cyclones make it dif-
ﬁcult to robustly detect trends (Knutson et al., 2010; Zwiers et al., 2013). However, there is some evidence of a positive
correlation between temperatures and rain intensity (Allan and Soden, 2008; Trenberth, 2011), which suggests that in a war-
mer climate, having more column-integrated water vapor (Trenberth et al., 2005; Durre et al., 2009), the rainfall from tro-
pical cyclones could be of greater intensity. This could be part of the explanation for the increased frequency of summer and
fall season extreme daily rainfall. Regional average temperature for the region increased at about 0.16 C/decade from 1955
to 2014. The average annual temperature was 17.2 C for 1955–1984 and 17.8 C for 1985–2014. Seasonal increases in tem-
perature between 1955–1984 and 1985–2014 were 1.1, 0.4, 0.6, and 0.5 C for DJF, MAM, JJA, and SON seasons, respectively.
Irrigated area in the region increased more than fourfold from 209,000 ha to 1,120,000 ha between 1954 and 2013 (USDA,
2015). There is presently a lot of research aiming to identify the physical mechanisms driving the increased extreme rains in
many areas (Kunkel et al., 2013), and we have presented temperature and irrigation changes here only as possible
contributors.Conclusions
An important message from this study is that stakeholders are particularly interested in the timing (what months or sea-
sons) of changing climate risks. Stakeholders also want climate risk research to be closely associated with possible manage-
ment solutions. Another important message from our ﬁndings is that the observed increases in high-intensity rainfall in the
Southeastern U.S. could have negative impacts on agriculture if these changes persist. However, there are opportunities for
agricultural producers to improve their resilience in a changing world; cover cropping and reduced tillage are among the
leading ways that producers in the region are presently adjusting management to improve production and soil health today
and to be ready for the possibility of a more challenging rainfall regime. While tillage and cover cropping choices are com-
plex decisions, increasing residue cover of soils might become a greater priority for producers looking to minimize soil and
nutrient losses from extreme rains and to capture scarce rainfall in dry seasons. We believe there is a valuable lesson in this
experience: exploring climate risk research with stakeholders can provide the opportunity for connecting management solu-
tions with emerging climate challenges.Acknowledgements
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